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Simultaneous crystalline-amorphous phase evolution
during crystallization of polymer systems
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PACS. 64.70.Pf – Glass transitions.
PACS. 61.10.Eq – X-ray scattering (including small-angle scattering).
Abstract. – Despite the fact that polymer crystallization has been the object of intense
research, this process is far from being fully understood. Traditional polymer crystallization
studies using X-ray scattering techniques mainly provide information about the ordered re-
gions. To obtain a more complete information about the time evolution of both the crystalline
and the amorphous phase during polymer crystallization, we have developed a technique which
allows one to obtain information about both the crystalline and the amorphous phase simul-
taneously. We report here simultaneous information about three key aspects of the isothermal
polymer crystallization process: i) polymer chain ordering, through Wide-Angle X-ray Scatter-
ing; ii) lamellar crystals arrangement, through Small-Angle X-ray Scattering; iii) amorphous
phase evolution through dielectric spectroscopy. Our results probe that during primary crys-
tallization the average mobility of the amorphous phase is not notably aﬀected. Upon passing
through the crossover time, marking the transition from primary to secondary crystallization,
the restriction to the mobility of the amorphous phase mainly occurs in the regions between
the lamellar stacks regions and not in the amorphous regions within the lamellar stacks. We
hypothesize that molecular mobility in the amorphous regions located between consecutive
crystals become strongly arrested as soon as the lamellar stack is formed.
Polymer systems may develop a characteristic folded chain crystalline lamellar morphol-
ogy at the nanometer level upon thermal treatment within the temperature range between
the glass transition temperature, Tg, and the equilibrium melting temperature, T 0m [1,2]. The
lamellar morphology consists of stacks of laminar crystals and amorphous regions intercalated
between them. Although extended chain crystals are thermodynamically more stable, a ki-
netic factor induces that polymer chains fold many times building up thin (10–20 nm) crystal
lamellae. For semicrystalline polymers, this characteristic crystalline nanostructure acts as an
internal backbone in the polymer controlling the ﬁnal mechanical properties of the material.
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For example, if polyethylene, one of the most common polymers (with Tg below room tem-
perature) had not the contribution of the crystalline lamellae, then it would behave at room
temperature as a viscoelastic liquid [3, 4]. Despite the fact that polymer crystallization has
been the object of research for more than forty years [2], this process is far from being fully
understood. In addition to the formation of crystalline lamellae, recent experiments reveal
that polymer crystallization involves the development of other nanostructures whose detection
is, eventually, within the limits of the present experimentation capabilities [5–11]. Recently,
new models have been developed that envision crystallization either from the molten state [12]
or from solution [13] as a multi-step process. Synchrotron radiation oﬀers the possibility to
combine in a simultaneous fashion small- and wide-angle X-ray scattering (SWAXS) render-
ing structural information about lamellar stacking and lattice formation in real time [14, 15].
X-ray scattering techniques can also be used to extract structural information in amorphous
materials [16]. Owing, however, to the fact that in semicrystalline systems the ordered regions
provoke strong diﬀraction phenomena, superimposed over a relatively weak contribution of the
amorphous phase, mainly information about the ordered regions is obtained. To obtain more
complete information about the time evolution of both the crystalline and the amorphous
phase during polymer crystallization, we have developed a technique consisting in the simul-
taneous measurement of SWAXS and dielectric spectroscopy (DS) (to be called (SWD) [17]).
We exploit the fact that the dynamics of the α-relaxation due to the segmental motions above
Tg is strongly aﬀected by the progressive development of the crystalline phase [18–21]. Pre-
vious attempts of combining X-ray scattering measurements, over particular spatial ranges,
and dielectric spectroscopy were shown to be useful to characterize changes occurring during
the induction time for crystallization [22]. The aim of this communication is to present novel
results of a crystallizable model polymer (poly(ethylene terephthalate, PET) using the new
technique of SWD. We report for the ﬁrst time simultaneous information about three key
aspects of the isothermal polymer crystallization process: i) polymer chain ordering, through
WAXS; ii) lamellar crystals arrangement, through SAXS; and iii) amorphous phase evolution
through dielectric spectroscopy (DS).
Details relating to the SWD techniques have been reported elsewhere [17]. Simultaneous
SAXS, WAXS and DS experiments were performed in the Polymer beam-line at HASYLAB
(DESY) [17]. The material used in the present study was a commercial sample of glassy PET
(Rhodia S80 from RhodiaSter-Rhoune Poulenc, Mv = 45000 g/mol) which can be considered
as a model polymer to study polymer crystallization [19]. PET, like other glassy polymers,
can develop a certain degree of crystallinity provided it is heated at T > Tg = 75 ◦C.
Figure 1 illustrates SAXS-WAXS-DS data during a crystallization experiment at Tc =
113.5 ◦C, taken simultaneously for diﬀerent crystallization times tc. The WAXS (a), and
SAXS (b) intensities are given as a function of the scattering vector s = (2/λ) sin θ, 2θ being
the scattering angle. The SAXS intensities are Lorenz-corrected (I · s2) [23]. The individual
contributions for the amorphous halo and for the crystalline peaks (corresponding to the last
pattern), used to estimate the crystallinity, are given at the bottom of ﬁg. 1a. Every pattern
was recorded with an acquisition time of 1min. The ′′ data from DS are plotted as a function
of frequency (F = ω/(2π)) ω being the angular frequency. The initial amorphous state, tc =
1min, is characterized by an amorphous halo in the WAXS pattern, a continuous scattering
decreasing with s in the SAXS pattern, due to the liquid-like state, and by the presence of
the α relaxation process centered around an Fmax value of 4 · 105 Hz in the DS data. As time
increases, the onset of crystallization is denoted by the incipient appearance of Bragg peaks in
the WAXS patterns characteristic of the 010, 11¯0 and 100 reﬂections of the triclinic unit cell of
PET, respectively. In the SAXS pattern an increase of the scattered intensity at lower s-values
that develops into a well-deﬁned peak centered around a value of s = 0.0125 A˚−1 is observed
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Fig. 1 – Simultaneous WAXS (a), SAXS (b) and DS (c) experiments during crystallization of initially
amorphous PET at Tc = 113.5
◦C. Crystallization time, tc increases in the direction of the arrow.
Time from top to bottom in minutes: 1, 4, 6, 8, 10, 12, 14, 16, 18, 30, 40, 50, 60, 128.
(see dotted line). The above-mentioned structural features are accompanied by the changes in
the dynamics of the amorphous phase (see ﬁg. 1(c)). Here, the α relaxation exhibits a decrease
of its intensity with crystallization time and a shift towards lower frequencies of Fmax. Figure 2
summarizes the changes of the above-mentioned characteristic magnitudes for two diﬀerent
crystallization temperatures. In the upper part of ﬁg. 2 (a and b, respectively), the long-period
values (L) calculated from the Lorenz-corrected SAXS intensity, the WAXS crystallinity as
estimated from the ratio of the crystalline peak area to the total one (WWAXSc ) [24] and the
Lorenz-corrected SAXS intensity (Q) integrated in the measured s-range are presented. In the
lower part, the characteristic parameters from the dielectric experiment (Fmax and ′′max) are
also shown as a function of tc (ﬁg. 2c and d, respectively). In our analysis of the dielectric data,
we do deliberately not attempt any ﬁtting procedure by the Havriliak-Nagami procedure to
avoid overinterpretation of our results. As is known, the α relaxation of PET and many other
polymers exhibits a high-frequency tail due to the contribution of the β process [4] whose shape
cannot be merely extrapolated from low-temperature measurements [25]. As far as the WAXS
experiment is concerned (ﬁg. 2(b)), the data follow the characteristic sigmoidal rapid increase
of the crystallinity (primary crystallization) followed by a very slow increase for longer times
(secondary crystallization) [14]. The crossover times between both processes are characterized
by tc = 20min for Tc = 113.5 ◦C ± 1.5 ◦C and tc = 90min for Tc = 105.7 ◦C ± 0.5 ◦C,
respectively. The integrated SAXS intensity, Q, parallels the time-dependence followed by
XWAXSc . It is seen that L only slightly decreases for very short times and remains nearly
constant with tc. The observed behaviour in the primary crystallization regime is consistent
with the appearance and growth of semicrystalline spherulitic structures [14, 26]. During the
secondary-crystallization process the spherulites already ﬁll-in the sample volume [14,26]. The
above features provide information about changes occurring in the crystalline phase. With
the SWD technique, this structural information can be complemented with that, provided by
the DS experiments which are sensitive to changes of the amorphous phase.
Figure 2d shows that the intensity of the α relaxation initially decreases with tc until
about the crossover time is reached and subsequently remains nearly constant. A diﬀerent
behaviour is observed for Fmax which slightly varies until the crossover time and subsequently
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Fig. 2 – Summary of physical parameters obtained from the SWD experiment as a function of crys-
tallization time tc for 113.5 ± 1.5 ◦C (•) and 105.7 ◦C ± 0.5 ◦C (). (a) Long spacing L. (b) Crys-
tallinity Xc and SAXS integrated intensity Q (continuous lines). (c) Frequency of maximum loss
Fmax. (d) Maximum loss value 
′′
max. Error bars correspond to average over several experiments.
dramatically decreases reaching a plateau for longer times. From the simultaneous SWD
experiments a clear relationship between structure and dynamics emerges as evidenced by the
following features: i) For times shorter than the crossover time, the initial strong reduction of
the mobile material, reﬂected by the decrease of ′′max, parallels the increase of crystallinity and
integrated intensity Q. ii) During primary crystallization, the remaining mobile material does
not signiﬁcantly change the average relaxation time 〈τ〉 deﬁned [18] by 〈τ〉 ≈ 1/(2πFmax) as
reﬂected by the moderate variation observed in Fmax. iii) At the crossover time, when primary
crystallization ﬁnishes, Fmax exhibits a notable decrease indicating the onset of restrictions in
the dynamics of the remaining mobile fraction. The question arises as whether the observed
restriction appears as due to a pure geometrical conﬁnement of the amorphous phase [27] or to
the formation of incipient secondary crystals producing a pinning of the remaining amorphous
phase [28] at the end of the primary-crystallization regime. In the ﬁrst case, measurements
of ethylene glycol conﬁned in cavities of varying size have shown a dramatic increase of the
relaxation rate when the size of the cavity is below a certain value [29]. In our case we observe
the opposite trend, i.e. a slowing-down of the dynamics as crystallinity develops. Recent
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experiments performed in systems in which secondary crystallization was strongly hindered
either through copolymerization [30,31] or through blending with a non-crystallizable second
polymer [32] have shown an invariance in Fmax throughout the crystallization process. These
ﬁndings point to the fact that initial secondary crystals may act as physical cross-links in the
amorphous phase slowing down its dynamics.
In summary, the three main features which are directly derived from our simultaneous
SAXS, WAXS and DS experiments strongly support the following model for the crystal-
lization process in PET. During primary crystallization, a nanostructure of lamellar stacks
develops as detected by the incipient appearance of a long spacing. Although the amount of
lamellar stacks increases with time (as revealed by the increase observed in both Xc and Q and
the decrease of ′′max) the average distance between the gravity centers of consecutive lamellae
within the stacks does not signiﬁcantly change (constant long spacing). In this regime the
average mobility of the remaining mobile amorphous phase is not notably aﬀected, as revealed
by the constancy in Fmax. Moreover, the invariance of the long spacing and concurrent de-
crease in Fmax upon passing through the crossover time, marking the transition from primary
to secondary crystallization, suggests that the restriction to the mobility of the amorphous
phase, as revealed by the decrease of Fmax, mainly occurs in the inter-lamellar stacks regions
and not in the intra-lamellar stacks amorphous regions. We hypothesize that the amorphous
regions located between consecutive crystals become strongly arrested in its average mobility
as soon as the lamellar stack is formed in the primary crystallization. This would contribute to
a modiﬁcation of the relaxation time distribution function [33] provoking the observed change
in the shape of the measured dielectric loss during primary crystallization but not in the
experimentally measured Fmax values which mainly originate from the inter-lamellar stacks
regions. It is at the end of primary crystallization when a strong reduction in the mobility of
the amorphous phase is detected, directly probing that further secondary crystals grow under
restricted melt conditions as recently suggested [11].
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